Recently [1] it was demonstrated how climate data can be utilized to estimate regional wind power densities. In particular it was shown that the quality of the global scale estimate compared well with regional high resolution studies and a link between surface temperature and moist density in the estimate was presented. In the present paper the methodology is tested further, to ensure that the results using one climate data set are reliable. This is achieved by extending the study to include four ensemble members. With the confidence that one instantiation is sufficient a climate change data set, which was also a result of the UPSCALE[2, 3] experiment, is analyzed. This, for the first time, provides a projection of future changes in wind power resources using this data set. This climate change data set is based on the Representative Concentration Pathways (RCP) 8.5 [4, 5, 6] climate change scenario. This provides guidance for developers and policy makers to mitigate and adapt.
Introduction
The Working Group III Special Report on Renewable Energy Sources and Climate Change Mitigation (SRREN) [7] stated that "research to date suggests that climate change is not expected to greatly impact the global technical potential for wind energy development but changes in the regional distribution of the wind energy resource may be expected".
In [8] the authors provide substantial background information on the use of climate models and their application on the estimation of the impact of climate change on wind energy resources. Whilst mainly focusing on Europe, they find that the changes to be anticipated are below 3% reduction (next 50 years) or below 5% reduction (next 100 years), citing [9] , in the USA. However, [9] use a 2.5
• Hadley Centre Coupled Model (HadCM) II output -contrasted here with the 1/3
• resolution, four times as many vertical levels and the inclusion of density in the estimation. However, uncertainty exists with significant differences between studies. [9] conclude that mean wind speeds may be reduced by 10 to 15%, and, considering that wind power generation is a function of the cube of the wind speed, such a decrease will correspond to reductions in wind power generation (i.e. revenue of the operator) on the order of 30 to 40%.
Using statistical down scaling methods, [10] improve the output of the Intergovernmental Panel on Climate Change (IPCC) global climate models (GCMs) (with a highest resolution of 1.9
• ). Their results suggest a seasonal component of the climate change impact, with summertime wind speeds in the Northwest USA decreasing by 5-10%, and low or no impact on winter months. At typical turbine hub heights a 40% reduction in summertime generation potential is projected. From this work it is clear that higher resolution models have to be used in order to provide suitable, less ambiguous results.
It is important to note here that the terminology in global modeling of the atmosphere is in continuous flux. What used to be the resolution of a regional climate model (RCM) is now the resolution of a GCM. For example [11] state that atmosphere-ocean global climate model (AOGCM) resolution is inappropriate to accurately characterize wind climates and then suggest a RCM model at 0.44 × 0.44
• . That resolution is still coarser than the UPSCALE GCM resolution utilized in this study.
[12] present results for Europe, analyzing the climate change impact of the A2 scenario using a RCM with (highest) resolution of 0.44 × 0.44
• , which is still coarser than the global UPSCALE resolution. It is emphasized that much of the solution in the RCM is dominated by the boundary conditions -another reason to use GCM data.
[13] perform empirical down scaling on GCM results with the finest resolution of 1.875 × 1.875
• , for Northern Europe. Down scaling is required due to the coarse temporal and spatial resolution. The A2 emission scenario is analyzed and significant changes have been reported. The A2 scenario equates to a moderate to high greenhouse gas cumulative emission. This results in global carbon dioxide emissions from industry and energy in 2100 that are almost four times the 1900 value [14] . The down scaled mean and 90th percentile wind speed over Northern Europe during the 21st century are likely to differ from those that prevailed during the end of the 20th century by less than ±15%. They report that this signal is currently comparable to the variation in down scaling results, due to variations in GCM simulation of the down scaling predictors.
The climate data set
The data set has been described in [1] . In the context of the present work only the details of the climate change run need to be detailed. The climate change simulations were configured with sea surface temperature (SST)s comprised of the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) data Figure 1: Comparison of WPD computations using the ensembles and the original data set.
[3], as used in the present climate runs, plus the SST change between 2000 and 2100 in the Hadley Centre Global Environmental Model version 2 Earth System (HadGEM2-ES) runs under the RCP8.5 climate change scenario (cf. [5, 6] ).
Results
The relative difference has been computed according to
for each of the ensemble members W P D ens , using the data set from [1] as a reference W P D ref .
Representative field plots for a hub height of 50m are shown in Figure 1 . The respective plots for 10m and 150m hub heights are omitted because they differ only slightly. Then the relative root mean square (RMS) RMS difference [1] relative RMS difference in ensemble members and RCP8.5 data set 
can be computed. The results are shown in Figure 2 . The respective RMS differences are labeled according to the hub height and the ensemble member, i.e. 10 f represents the difference for the 10m hub height, ensemble member f . 10 RCP 8.5 similarly represents the 10m hub height and the climate change run.
Extended sets
The perturbed ensemble member can be seen as an independent set of measurements. This means that also any combination of ensemble members is a new set of measurements. Therefore the ensemble members can be combined. Using these extended sets the effect of a data set of twice the length or double the sampling rate can be investigated. This is possible because instantaneous measurements, not the 3hr mean are used. Using the original data set augmented with ensemble member f as control (W P D ref ), three unique data points can be computed using the g + h, g + i and h + i combinations. The RMS difference, for example
for these three sets is lower (although not by much) than the one for the original sets, as expected, due to more data being used. See Figure 3 for a comparison. RMS difference [1] relative RMS difference in ensemble members and extended data set Figure 3 : Relative RMS difference for ensembles and extended data set. The non extended data sets are compared to the original data set and the extended data sets are compared to the original data set extended by ensemble member f .
Comparing the two sets, the original and extended, using the Mann-WhitneyWilcoxon (MWW) Ranksum test [15, 16] yields p M W W values of 0.03389, 0.03389 and 0.04953 for the 10m, 50m and 150m results, respectively. With the p M W W values ≤ 0.05 it therefore can be claimed that the distributions differ significantly (albeit just), and the extension had a statistically significant, albeit small, impact on the difference. Comparing the extended sets with the original data set yields a RMS difference of 0.0228 > RM S rel > 0.0188, i.e. in a similar range as the ensemble members (the first 12, 10 f to 150 i , in Figure 3 ). At this level it is likely that other factors in the methodology are more important, such at the extrapolation, resolution and parameterizations used in the GCM.
The climate change data set
Having shown that the data from one run already provides good guidance (i.e. the benefit of using more data is small/negligible), the focus can now shift to the analysis of the climate change data. It can be seen that the difference between the RCP8.5 data set is substantial (Figure 2 ), when compared with the internal (natural) variability of the climate system, represented in the RMS difference in between the ensemble members. The W values of the Shapiro-Wilks test [17] (see Table 1 ) indicate a normal distribution of the RMS differences of the original data set and the ensemble members. With a 95% confidence interval the critical W value is 0.748. Here the W values are greater than the critical W and p SW > α = 0.05. Therefore the data is likely normal distributed. Assuming Figure 7 , where the climate change signal indicates a reduction of 50% in the WPD. The present climate data set is red and the RCP8.5 data set in translucent blue. It is interesting to note that there is a reduction in high wind events, and an increase in average wind speed events. This is both, good news to the developers and contrary to the general assumption that with climate change extreme events will occur more frequently.
Conclusion
Here it was shown that the altered climate of a high resolution GCM simulation does have a marked impact on the projected wind power density. As far as the climate results can be relied on, and there obviously is still a lot of discussion and ongoing work in the scientific community, this will provide important insights in the long term scenarios than can be expected.
It was also shown that using one time series of 74880 samples already produces a reasonably solid estimate. Doubling the sample size did improve the results, in a statistically significant way, however, only a modest difference was observed, certainly in contrast to the response to the climate change run.
From an environmental perspective it is disappointing to see the broad scale drop in projected average wind power densities. However, sensible technical and financial decisions should be able to incorporate or mitigate this. In any case, as well as the uncertainties underlying this analysis (small size, resolution, extrapolation etc) it is not given that the future climate will exactly instantiate RCP8.5.
Technologically this means that current installations have to be efficient at the current and (significantly) lower than current wind speed levels.
Financial decisions have to take the anticipated decline in output (where this happens to be the case) into consideration, and this decline in WPD increases the risk rating for sites which currently evaluate as having marginal potential for development. 
